In this paper, we apply the temperature-programmed desorption (TPD) method combined with mass spectrometric (MS) analysis to characterize the hydrolysis products of Ti (SO4) 2 (SHy-NH) and TTIP (AHy-NH) with an NH3 aqueous solution, that can be vis-active photocatalysts when they are calcined at suitable temperatures in air. We find that H2O is the only product that exists below 100C. Beyond 100C, however, NH3 desorption begins and showsits maximum strength at approximately
Introduction
In our previous report, we described a simple synthesizing process of a highly visible-light (vis) -active and vivid-yellow-colored anatase powder that contains trace amounts of nitrogen, and proposed the significance of oxygen-deficient stoichiometry to realize a vis-activity. We also discussed why polycrystalline structures with primary particle size in the nanoscale region, between several and 20 nm, and grainboundaries (GBs) should be considered in the emergence of vis-activity. This photocatalyst exclusively absorbs light in the blue to bluish-green region in the vis range, which corresponds to the complementary color of yellow, and shows high photocatalytic activity when a monochromatic blue light-emitting diode (B-LED) is used as a light source. Preparing the anatase powder is quite a simple matter : the hydrolysis products of a Ti (SO4) 2 and NH3 aqueous solution are calcined using an ordinary electric furnace in a dry-air atmosphere at 400C. The crystallization and/or thermal transformation behavior that occurs at around 400C could be the key for the emergence of vis-activity. As for a direct method of investigating these thermal behaviors, there are a variety of studies on titania hydrolysates prepared from titanium tetrachloride (IV) , titanium sulfate (IV) and titaniumtetraisopropoxide (IV) using differential scanning calorimetry (DSC) , TG/DTA, FT spectroscopy and X-ray diffraction (XRD)2-14). However, there has been little work done on indirect methods for determining thermal behaviors such as detecting desorption species at increasing temperatures, despite the fact that the species are precisely detected when a mass spectrometer is used as detector. Furthermore, it might be worthwhile elucidating the thermal properties of the hydrolysis products to understand the structural changes that lead to the emergence of vis-activity in final product of the photocatalyst. We added TTIP (0.09 mol) drop by drop to 200 mL of a 3.5 vol% NH3 aqueous solution under vigorous stirring at room temperature. Subsequently, the precipitated hydrolysis product was separated from the solution by filtration without rinsing. Finally, the cake was dried at 60C (denoted as AHy-NH) .
2 TPD apparatus
We conducted the experiments using the apparatus presented in Figure 1 . For this experiment we employed a Double-Shot Pyrolyzer (Frontier Lab, PY-2020 D, Japan) with a cylindrical fused-silica desorption chamber (capacity of 0.98 cm3, 4.5mm id and 62mm long) placed in a temperature-programmed furnace.
The desorption chamber was connected to the gas-inlet interface of an gas chromatograph quadrupole mass spectrometer (Shimadzu, GCMS-QP 5050, Japan) , and the gas-inlet interface and mass spectrometer were connected via a stainless steel column (2.5m long). A 50,u L platinum cell with 1 mg of sample was inserted into the desorption chamber from the top. After introduction into the TPD system, we released helium carrier gas (99.9999%) into the desorption chamber and maintained the temperature at 50C until all ion signals settled down to background levels before commencing the TPD run. This took less than 10 minutes in most cases.
To perform a TPD scan, the sample was heated by linearly increasing the temperature by 20C/min between 50C and 550C. A PC with a GPIB/IEE 488 interface managed data acquisition during heating time so that the ion signals between m/z 11 to m/z 200 and the sample temperature were simultaneously recorded.
Laminar flow was achieved from the furnace to the mass spectrometer and there were no dead volume products in the connection lines.
3 Characterization
The thermal analysis was carried out using DSC equipment (Shimadzu, DSC-60) in a helium atmosphere with flow rate of 50 ml (STP) /min.
We evaluated the vis-activity by photocatalytic oxidation of 540 ppm acetone in purified air using monochromatic BLED in the same manner as described elsewhere in our previous report' and compared the quantities of CO2 formed after 24h of BLED illumination.
Using an X-ray diffractometer (Rigaku RINT 2000), we measured the powder's X-ray diffraction (XRD) pattern, and calculated the primary particle size D using the Scherrer equation15). The ESR spectra were measured at-196C in vacuo (10' Pa) with Mn2+ as a marker with an ESR spectrometer (Nihon Denshi, JES-RE 2 X) operating in the X-band under irradiation with visible light.
Results and Discussion
The principle of the calcinations is to remove unbound and bound water, as well as sulfur compounds, from the hydrous hydrolysis product when it is prepared from Ti (SO4)23). As a result, various physico-chemical processes such as drying, dehydration, and desulfurization, transformation of amorphous to polymorphic anatase proceed during calcinations. The TPD-MS spectra of AHy-NH are presented in Figure 2 , which shows the relative intensities of the Study
clear that the onset of desulfurization starts at about 400C, since SO2+ (m /z 64) , which could not be removed by the washing process, is detected in this figure.
Regarding the existence of the NH3 species in the hydrolysis products, we have detected it as NH4+ by DRIFT spectra measurement". Therefore, we consider that the NH3 species exists as an ammonium salt. In Figures 4 and 5 , DSC curves and vis-activity (evaluated by CO2 concentration formed from acetone) for AHy-NH and SHy-NH are plotted as a function of the calcination temperature. In AHy-NH (Figure 4 ), the DSC curve is characterized by an enhanced exothermic peak around 420C. On the other hand, the visactivity curve shows its maximum at 375C, although a rapid decrease occurs with the onset of the DSC sharp exothermic reaction. A similar tendency is also observed in SHy-NH (Figures 5). The maximum vis-activity appears at 400C, dropping when the DSC exothermic band with the peak at 420C emerges. is somewhat contradictory4,9-12). We also noticed the popcorn burst-like phenomenon when AHy-NH and SHy-NH were baked in an open crucible when the temperature was maintained at around 400C.
Considering this phenomenon, we assign responsibility for the exothermic bands to structural relaxation to eliminate inner distortion accumulated by desorption of NH3 from the sample structure, since no TPD-MS signals are detected (Figures 2, 3) . Furthermore, no remarkable changes are observed in the primary particle size D at this temperature range (Figures 6 and 7) , and yet the onset of the crystallization of amorphous material into anatase is confirmed below the temperature at which respective peaks of exothermic bands are observed (Figures 6 and 7) . These results and assumptions suggest that an adequate calcination temperature should emerge that would be considered suitable for vis -activity , i. e., slightly below the temperature at which DSC exothermic reactions occur. The greatest amount of internal distortion caused by NH3 may be absorbed at this temperature.
We have already described elsewhere' that the visactivity is observed with the samples of which primary particle size D ranges from several to about 20 nm. Below this primary particle size range, that the crystallization speed in AHy-NH is higher than in SHy-NH is explained by 5042-contamination, as mentioned above. At temperatures above 300C in both cases, crystallization starts and NH3 desorption still continues, suggesting that vacancies are forming and leading to an increase of inner distortion. However, at the peak of vis -activity , desorption of NH3 is still occurs, indicating that NH3 is not completely desorbed in these samples with the highest vis-activity. When we calculate the N content of the samples that showed the highest visactivity from the TPD-MS spectra of m/z 16 in both samples, values of 0.19 and 0 . 2% N were obtained, respectively, these amounts agreeing well with the data obtained by XPS measurement reported previously.
Figures 4 to 7 show that the temperature at which vis -activity peaks in SHy-NH is about 25C higher than in Ally-NH, while the vis-activity drop shown in SHy-NH is not so rapid as in Ally-NH.
This appears to be due to the existence of 5042-, since the m/z 64 signal assigned to SO2+ signal is observed beyond 350C. Moreover, the temperature range in which high visactivity emerges is so narrow in the case of Ally-NH compared to SHy-NH where high vis-activity persists from 375C to beyond 500C. This expansion of the temperature range is thought to be due to the desorption of 5042-from the sample ; a similar mechanism as the one operating for NH3 desorption in the samples.
This means that SO42-desorption can create vacancies that lead to the emergence of vis-activity when it is desorbed. Considering these results, the emergence of vis-activ- ity in the calcined hydrolysis products appears to be associated with the desorption of volatile species from the polycrystalline structure of titanium oxide. It is also thought that this desorption leads to oxygen deficiency, as confirmed by XPS described at previous report". ESR measurements were carried out for calcinated vis-active SHy-NH in air at 400C (denoted as SHyMica') at 196C in vacuo and the spectra are shown in Figure 8 . There were signals observed at g= 1 .986, 2.004 and 2.024 in the SHy-NEleal when the vis illumination was applied. On the contrary, no signal was observed in the dark except the signals for the Mn2+ marker. As for the assignment of these signals, it seems to be due to 02-anion radicals formed by the transferred electrons that were trapped at the oxygen-deficient site1647). Assuming that the volatility of additives reflects the emergence of the vis-activity, the desorption energy, Ed, calculated using the peak-position method") as following, seems to be available to discuss the visactivity emergence mechanism :
where R is the gas constant, Tm is the peak temperature, i.e., the temperature at which the desorption rate has a maximal value, is the linear heating rate (fl= 20C/min) , and v is a frequency factor of the chemisorption bond ( v = 1013s-1) . The desorption energies calculated from the position of the peak maxima are listed in Table 1 . All the calculated desorption energies are higher than 100 k J/mol, indicating that chemisorption processes are involved. From these results, we suggest that chemical species with Ed values from approximately 100 to 170 kJ/mol are available to give a vis-activity on the titanium oxide when the chemical species are mixed in the hydrolysis product of titanium oxide. 
